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EFFECTS OF IRRADIATION ON

STRUCTURAL PROPERTIES OF CRYSTALLINE CERAMICS

F. W. Clinard, Jr. and G. F. liurley

University of California

Los Alamos Scientific Laboratory

Los Alams, NM 97S45, USA

ABSTRACT

Stability of crystalline ceramic nuclear waste may be degraded by

self-irradiation damage. Changes in density, strength, thermal conLlucti-

vity, and lattice stxmcture are of concern. In this paper, structural

damage of ceramics under various radiation conditions is discussed and

related to possible effects in nuclear waste.

INTRODUCTION

Cry>tallinc ceramic forms of nuclear waste must exhibit stability over

extremely long storage times. Self-irradiation is a major potential source

of stmctural degradation which can rcxlucewaste stability. l%c principal

SOUTCC of radiation damage in nuclear wast~ s1:::-‘untaneous dec~.yof alphn-

net.iveisotopes of actiniclcmetals such M Pu, Am, Np, nn~ Cm.(1) Damage

effects arc similar regarc!lcssof the iso”copcconsi.dcrcd;alpha dccil~

produces a rccnil ion which is born with an energy of ‘IJ1(NIkcV and.Ioscs

this cnq;y prime.rilyby collisional proccsscs. The %5 MCV illl)llil parti.clc

Icscs most.of its energy through electronic CXCit.iltiOnand thcmf%rc

ciluscsIcss collision:lldilln~g~ tllilll does the recoil ion. ilowcvcr,rhc llc-

Iium gas dcpr)sit.cdin t.hclilttiC&!iS itSClt il scmrcc IT1-(lCj{~ildiltiOll& llCt~l
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cmitting isotopes in nuclear waste are not a major source of displacement

damage, but transmutation products resulting from beta decay can alter

material behavior ~y indu~ing compositional changes.

Little information is available on alpha decay-induced damage in

ceramics, or on the detailedcharacteristicsofccramic nuclear waste. This paper

cunsidcrs the broad question of radiation-induced structural ch~~ges in

ceramics, and rslates these changes to possible effects in ceramic waste.

IRRADIATION-INDUCED STKIJCTURALCHANGES

Swelling

One or more phases in multiphase ceramic waste may swell under irra-

diation, with consequent fracture of the swelling phase and perhaps of the

waste mass itself. The resulting increase in surface area will lead to

accelerated dissolution if leaching agents are present. In addition,

fracture wili clccreasethermal conduction, thus increasing waste temperature

and thermal stresses which ma~ cause further degradation.

Ceramic waste will bc damaged to a level of roughly one displacement

pcr atom (dpa)” in~102 to 105 yrs if alpha decay events arc uniformly

distriLutcd,
(2)

with higher iocalizcd damage levels anticipated i,factinidc

isotopes arc concentrated in certain phases. ~\t1 to 10 dpa, swelling

of most ceramics fall within the range zero to itfcw pcrccnt, as shown by

the neutron irradiation datn of T:hle 1. Uniform swelling is not nrccs-

sarily dctrimcntnlr Ilowcvc-,~liffqrcnt.ialor consi.rainedswollin!qbeyond

tllilt which ~illl hC ilCC~mmodiltCdClilstically[011the order OF 0.3 V013) or

‘p]ast:ic:lllymay lc:KIto fracture. !%mc non-cullicceramics such ils A1203

SWCI1 :misntropi.c:lllyand ilrC tl~crcforcmorn Ii.kclyto suffer str(lctural
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deterioration (e.g., by grain boundary separation) thar;arc those that swell

isotropically.

Swelling of ceramics can occur by two mechanisms: an accumulation of

point defects which dilate the lattice, and creation of new lattice sites.

Lattice dilational

defects can remain

expansion measured

typically involves

and conversion of

into interstitial

to be obsened by

j

1

1

swelling is greatest at low temperatures where point

isolated, and this growth often correlates with lattice

by x-ray diffraction. Creation of new lattice sites

such phenomena as condensation of vacancies into voids

Lnterstitialsto lattice atoms (e.g., by precipi. tion

loops) These defect aggregates are usually large enough

transmission electron microscopy (TEN). Figure 1 shows

an exan@e of aggregates, in this case voids and dislocation tangles,

in A12C13.Aggregated defects seen in othc~ ceramics are listed in Table 1.

The mechanism und magnitude of swelling vary with temperature and the

ceramic under consideration; the 3% volume change for SiC at 300 Kappears

‘5) whereas that observsd in A12~ at elevatedto be due to lattice dilation,

temperatures roughly coincides with measured void volume.‘8) Ceramics

which swell by the formation of ncw lattico sites tend to show a swelling

peak as a function of temperature, but location of the peak is not typically

at the same fxaction of the absolute melting point as that observed for

most metals (0.4 to 0.6 Trn). l’hcswcllinc peak for Zr(12-G0.Yz($ (Tnl)lc1)

occur- at %0.29 Tnl,whereas other ccrarnicsshow peaks at tcmpcrntures

ranging from 0.21 to 0.53 Tm.
(~)

Insoluhlc gilscscnn enhance swellinl::ltclcvatcd tcml}craturcshy

stabilizing voids ~~:111~.it rc-solutioni, Since ,an,11[~11:1-~lcc:ljr-ill(l[lcL’tl

dilm~lg~lCVCL of 1 dpa is accompilnid I)yFormiltionOF :1l:lr[;ciimmmt

(~Il(lo13qqml] of hcliuln,
(2)

~~ilSeffects lllily l)l;ly il m:ljorrule ill[Ict.crmillin!!

swclli.IIgbchavi.orof IIuclwlrw:lst(:..
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Strcngth

Stresses on ceramic waste may arise from microscopically or micro-

scopically constrained swelling, thermal stresses, dead weight, or stresses

from geological effects. Gocd fracture strength is important in preventing

mechanical failure and concomitant pulverization from any of these sources.

Strength of brittle ceramics is determined by the stress required to

extend a flaw, according to the relationship uf~= Kc. Here Uf is the

Fracture stress, c is flaw size, and Kc is the fracture tou@ness. Thus

irradiation damage can affect strength if flaw size or fracture toughness

is altered.

Change in Fracture roughness. Since fracture toughnes~ is proportional to

the product (Young~s modulus times fracture surface energy), increases or

decreases in strength could be brought about by a change in either of

these terms. Fracture toughness of sapphire is increased by high tempera-

’10) Here the voids are viewedture irradiation which proc!uccsmicrovoids.

as impeding the crack front, thereby effectively producing an increase in

energy for crack propagation. Factors which might reduce fracture tough-

ness would include any reduction in crack blunting processes, or a reduc-

tion of modulus. Changes in the latter arc not usually large, whiic

changes duc to the former would likely be limited to a reduction in that

portion of the fracture energy attr:l~lltnhleto plastic blunting processes.

Charge in Crack Si.zc. A number or damago effects could result in chacges

in c:ack size” Anisotropic swelling such as that seen in A1203 results in

intcrgranular separation and concomitant loss of strength.
(11)

Differential

swellin~:,which occurs in Si.Cbodi.oscont:liningfree Si, results in loss of

strength duc 1.0production of cracks.
(lJ)

Am)thcr rncchnnismfor flaw size
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change is in-situ high-temperature deformation leading to surface roughefi-

ing. This process,has been observed to operate in t~:~absence of radiation

effects,
(13) and may bc worsened by radiation-ii~ducedcreep such as that

(14) However, the opposite effect could occur if enhancedseen in UO~.

creep or diffusion results in blunting of cracks.

Not all ceramics are brittle, and most become ductile at sufficiently

high temperatures. Fracture strength of ductile ceramics is related to

the flow stress, because plastic deformation initiates flaws or causes

pre-existing flaws to grow; either can become the fracture-initiating

defect. Thus fracture occurs at a low stress compared with that expected

from pre-exisLing flaws. MgO is an important example of this type of

behavior; the effect of irradiation is to harden the material and hence

raise the fracture stress.
(15)

Grain boundary phenomena are cf particular concern when considering

effects of irradiation on strength. It has been observed in :lcvated-

temperature tests of 238PU02 that helium from alpha decay forms an exten-

(16) this could lea~isive network of gas bubbles along grain boundaries;

to a significant loss of strength. DcnucJati6nof aggregi~teddamage near

grain boundar~cs which act as sinks for defects might result in reduced

swelling in these zones and consequent high internal stresses, even in

cubic materials. l:inally,the nature of both intergranular and intra-

granular fractui-ccan affect the morpholo[;ybf new surfaces formed and

thus alter sul]scqucntlcachin[;behavior.

It should bc noted that s mc phenmnena affcct~ng strcn,qth(c,,g.,

SJ.W crack growth and atomistic proccsscs) were not addressed j.nthis

section, nor wiJ 1 those dcscrjbcd ueccssaril)-affect strc[igthof ceramics
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at 1 to 10 dpa.* ~~e question of strength changes under irradiation is

complex, and as is the case for all structural properties relevant to

nucletr waste, must ultimately bc answered by experimentation.

Thermal Conductivity

A reduction in therml conductivity will result in higher operating

temperatures and thermal stresses, either of which can degrade waste

structure. One source (Ifreduced thermal conductivity is cracking of

the waste mass, as mentioned above. Another is the presence of radiation-

induced lattice defects which scatter the phonons by wk,ichheat is conducted.

The magnitude of the latter effect is shown for

Table I. It is apparent that large changes are

temperature. When this property is measured at

a number of ceramics in

to be expected near room

elevated temperature,

the fractional degradation is lessened, due to a reduction in co-lductivity

of the starting mat.mial as a result of increased phonon-phonon scattering.

For example, ir neutron-irradiated single-crystal A1203 the reduction is

17) Thus at higher operating temperatures45% at RT but only 15% at 723 K.(

degradation is expected to be lessened, but can remain significant.

A tendency toward saturation of the reduction is typically obssrved.

SiC exhibits saturation below 1025 n/m2(18) (ml dpa), while fourteen other

9(1(’)
ceramics approach or have reached this conditicn at W2 x 1026 n/m-

(%20 alp). tlighcrirradiation temperatures, where defects are more likely

to bc obscrveclin the form of large aggregates, are typically characterized

(’o] ~is is consistentby a J.cssorreduction in thermal conductivity.

with calculations which s!~owth,atsmaller defects arc more effective at

~ce(s) found that the strength orcuhic SiC is little changedby irradia-

tion tc this closeI’wclm
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at scattering phonons.
(19)

Results in Table I show tlwt the nature of defects in different

ceramics can vary greatly, with fixed irradiation conditions. The slight

reduction in thermal conductivity observed for MgA1204 (indicating a

prcbable low point defect content) and the absence of aggregated defects

suggests that defect recombination and annihilation occur relatively

easily in this material. Such behavior would be desirable in ceramic

nuclear waste, and if not an intrinsic pxaperty could perhaps be engineered

into the material. For example, a finely-dispersed second phase could be

added to refine grain size and supply interphase boundaries, both of wh?.ch

will increase surface area available for defect trapping and annihilation.

This approach has been used to inhibit void ~umation in stainless steel.[20)

Not just thermal conductivity but all physical properties of importance

to n~clear waste stability are subject to improvement by materials re-

engineering, if knownprinciplesof radiation damage control arc applied.

Lattice Stmcture

Radiation-induced disordering of crystalline ceramics can cause a

gradual transition to an amorphous or glassy structure. (This effect is

temned metamictization when induced in minerals by radioactive decay.)

Major changes in important stmctural properties such as density, strength,

and therlnalconductivity may result. In addition, the highnr free energy

of the glassy structure is likely to increase leaching rates. Amorphiza-

tion can take place ove~ a wide range of dunage levels, depending on the

material; irradiation with heavy ions results in transformation at ‘vO.1

’21] while a similar dnmagc dose is required for mctamictiza-tO 100 dpa,

tion of minerals.
(22)

5incc nuclear wascc will hc dama~;cdto WI to
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10 dpa, amorphization must he considered a possibility.

The following factors seem to favor amorphization:

●

●

●

Naguib

low ionic bonding character

open lattice structu~e

!~ighwater content.

and Kelly(23) surveyed the heavy-ion irradiation behavior of 56

<
non-metals and folmd that those

to amorphize. It was suggested

of an electrostatic term in the

with ionicity ~0.47 show a strcng tendency

that such considerations as the absence

disorder enerFj of covalently-bonded

materials may be responsible. Taylor and Evir.g[24) cor~paredthe structure

of the thorite phase of ThSi04 (which is often Fnlmd in the rnetamict

state) with that of the ,always-crystallinehuttonite phase of the same

material= They found that the principal difference is the presence of a

network of large interconnected void spaces in the lattice of thoritc.

It has been postulated that an open lattice structure can relatively

easily accommodate lattice disorder, and that this might increase the

likelihood of met,amictization. Also, thori’e is characterized by a high

water content, which may enter the lattice throl.ghinterconnected void

spaces.’24) Since the presence of water has been fcund to accelerate

anlorphizationof electron-bombarded silicates,
(25)

this may be an im-

portant factor in establishing the likelihood of amorphization,,

SUMMARY

At the damage level anticipated for ceramic nuclear waste (~1-10 dpa)

some ceramics undergo major structural changes while others arc little

affcctedu The followin~ material charactcristjcs seem to enhance Irra-

diation stability of onc or another material:
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cubic crystal structure

high helium permeability

large internal surface area

high fracture toughness

high ionic bonding character

dense atomic packing

low propensity for absorption of water.

These are phenomenological observations, gained by observing the effect of

a particular characteristic on irradiation behavior cf one ceramic or a

class of ceramics; thus contradictions are inevitable. For example, dense

atcmic packing may suppress amorphization but could enhance lattice

dilational swelling. Nevertheless, in cases where irradiation stability of

a ceram.c nuclear waste form is found to be inadequate it should be possible

to apply knowledge of the role of these factors to development of more

stable waste f
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A1203

(c)
‘3415012

sic

~f12.6% y.o
L3

MgA1204
(~)

‘i3N4

BeO-5 SiC

TABLE I

Changes Induced in Ceramics by Neutron

Irradiation Fluence, Swelling,
Temp., K n/m2 b] Vol %

1015

1015

!325

650

875

1025

1015

1015

1015

2.8 x 1025

2.8 x 1025

2.7 x 1025

3.5 x 10
25

3.2 x 1025

2.8 x 1C25

2.8 X 1025

2.~ x 1025

2.8 x 1!)25

1.9

0.0

1.2

0.2

1.6

0.0

0.0

0.3

3.3

laJEn>O.l }fevexpect >0.18 MeV for SiC

‘b]derived from thermal diffusivity data, except for SiC
(c]

single crystal

Irradiation to ~1-10 dpa

Reduction in Aggregated
‘IhermalCcnd., %(b] Defects Resolved

62

87

--

.-

--

8

53

MO

voids and dis-
location tangles

clusters

-.

dislocation loops

p~res and tangles

clusters

none

none

Ref.

3

3,4

5,6

7

7

7

3

3,4

3
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LIST OF CAPTIONS

Fig. 1. Voids (aligned along the c axis] and dislocation tangles in

A1203 after irradiation to 4.3 x 10
25

n/m2 at 875 K.


